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SECTION I
INTRODUCTION

The principal object of this research is to determine the optimum
drive logic configuration for a specific moving base simlator, the Large
Amplitude Multi-mode Aerospace Research Simmlator (LAMARS), located at
WPAFB. The problem of “optimizing" simulator motion reproduction is a
general one which need not be application specific. Therefore, any method
for determining the optimum LAMARS drive logic configuration is really a
general procedure, applicable for any motion base. This provides the
motivation to develop a "general" tool which can then be used for LAMARS
optimization.

It is important to appreciate the basic concepts of motion simmlation
from the start. The pilot in any vehicle is able to sense motion as the
result of the angular velocity and specific force environment motion pro-
vides (visual, aural, thermal, etc., cues aside). The motion simulator
is controlled by a computerized drive logic which commands the simulator
actuators and, in turn, simulator motion. Put simply, the drive logic
need only compute the appropriate commands, based on the particular vehicle's
equations of motion, to cause the simalator to reproduce the actual motions.
In this way, the pilot will be stimulated by the same angular velocities
and specific forces as in actual flight, and motion fidelity of simulation
is perfect.

Obviously, the problem is not that simple. This is primarily because
the simulator motion base is usually severely constrained to move within
some relatively small volume. The challenge of drive lbgic design is to
present high fidelity motion cues within the simulator constraints. Know-
ledge of the human sensory processes and apparatus is of some help here
since it is only necessary to reproduce motions which can be sensed. But
the sensory apparatus bandpass is relatively large, so the attenuation
obtained on the basis of this consideration alone is insufficient. At this
point the central question then concerns the relationship between recovered
motion and perceived fidelity (Ref. 1).




The principal components of the drive logic are the washout filters,
the limiting scheme and the coordinate transformations., The washout
filters are the main object of the optimization process presented here.
A washout filter is simply a device for systematically attenuating actual E
motion. Washout filter properties can be linear, nonlinear, or time-
varying. Linear and nonlinear filters are considered in this report.
Linear washout filters are characterized by their gain and effective
washout break frequency. These are the two parameters which are used for
the optimization or "tuning" process.

The first step in evaluating the LAMARS drive logic is to develop a
set of typical aircraft maneuver scenarios. These scenarios are the basis
for generating representative inputs used when evaluating the washout fil-
ters. An approximate method was developed to construct abstracts of the
maneuvers from strip chart data. The method uses kinematic equations to
compute all required variables. Eight different scenarios were generated.
The procedure is described in Section II.

The next step is to design a computer simulation to evaluate the ILAMARS
drive logic. In addition, this simulation includes models for the human
sensory processes and any sensory thresholds which are operative. The
inputs to this drive logic/sensory model simulation are the angular velo-
city and specific force time histories as developed in the scenario genera-
tion phase. The outputs include both actual (in flight) and simulated (in _
simulator) quantities at several points in the model. This modeling process 3
is described in Section III. ”

Once the various motion quantities are available from the drive logic/
sensory model, it is desirable to have a method for comparing the actual
and sensed motion in order to evaluate the simulation fidelity. To this
end, a set of measures and a resulting criterion were‘developed to examine
and optimize the drive logic. Using these measures, the scenarios were
evaluated to choose one which could represent most of the others in the
later optimization. Jhen, using this representative scenario, the gains
and break frequencies of the washouts were varied in order to illuminate
the sensitivity of the meagures to these parameters. This parameter

variation exposed the critical axes in terms of optimization, and also




provided a functional relationship between gain and break frequency for
the washouts corresponding to given simulator motion constraints. This
development and use of the measures and criterion are described in Sec-
tion IV.

3 e TR RS Y e

At this point, a piloted simulation is necessary to solidify the rela-
tionship between the break frequency of a washout and the resulting cri-
terion value for each critical axis. Piloted simulation is used to expose
this relationship in terms of a pilot preference parameter which is an
integral element of the criterion. Also, the simulator experiment deter-
mines the effect of the g-suit, a sensory aid often used in simulating

high-g environments. The experimental plan and the results of the experi-
ment are presented in Section V.
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The results of the simulator experiment are then applied to optimize
the critical axes, providing a plausible set of optimum gains and break
frequencies for the LAMARS linear drive logic washouts. These optimum
; parameters are for a given drive logic configuration. In order to fur-
ther examine the optimization scheme, two nonlinear washout filters were

included in the drive logic simulation. Again, a set of optimum para-
meters is obtained for each configuration. This optimization process is
reported on in Section VI,

§o The final results and conclusions on the linear washout scheme optimi-
/ zation, as well as the g-suit evaluation and the investigation of the two
i nonlinear washout schemes, are presented in Section VII. Suggestions for
further research are found in Section VIII. Four appendices are included: ‘
Appendix A provides the kinematic equations used in the scenario genera- *
tion; Appendix B presents the nonlinear "subliminal" washout scheme developed i
in this research program for possible LAMARS application; Appendix C con-
tains some of the raw fidelity measure data generated in this program; and ’
Appendix D gives a procedure for comparing and extrapolating results for |
different linear drive logic configurations. Finally, the documentation
E{ { of the software used in support of this study is found in the Software
User's Guide, presented in a separate report (Ref. 2).
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SECTION II
SCENARIO GENERATION

P . s AU P T

A. INTRODUCTION

In order to perform optimization of drive logic, it is necessary to have

representative inputs which will expose the critical drive logic parameters.
Once the drive logic has been '"tuned" for a particular representative input
scenario, it is assumed to be optimum not only for that input, but also
for any scenario which falls within the representative scenario's particular
motion envelope. Thus, the ultimate purpose served by this scenario genera-
tion is to provide a range of input scenarios from which to choose one "rep-
resentative" scenario. The optimization is then performed using the chosen
scenario as the input to the drive logic. Note the implicit assumption
that drive logic optimization for this "representative" scenario will hold
for all other scenarios within the "representative" scenario motion enve-
lope. This, in turn, implies the following restrictions on the optimiza-

| tion process: the process by which the drive logic is optimized should be

i indepeident of the drive logic inputs. This restriction is not observed

in the strict sense by the optimization procedure stated later on. This

is an important point, and will be discussed later in Section IV.B.

I e Sanatmpef e vy

Eight scenarios were generated in this effort; these included three
handling qualities tasks (HQDT), one air-to-ground weapon delivery task,

and four air-to-air gunnery tasks. Table 1 presents a brief description
of each scenario, the identification number assigned and its length in

seconds.

B. METHOD AND RESULTS

The process of generating each scenario started with abstracting each
scenario in terms of three quantities.

: f P - roll acceleration (rad/sec?)

4 — pitch acceleration (rad/sec2)

s e T TP

t VT = derivative of inertial acceleration
(£t/sec3)
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TABIE 1. SCENARIO DESCRIPTIONS AND IDENTIFIERS

Scenario
Description

Roll into 4 g constant altitude
turn at about 1 g/sec

Roll into 4 g constant altitude
turn, unload, and reverse to
opposite 4 g constant altitude
turn

Wind-up turn from a constant
2 g turn to a constant 6 g
turn at 1/3 g/sec

Ajr-to-ground delivery from
lefthand racetrack, 45 deg

dive angle

Air-to-air, low closure rate,
low angle off

Air-to-air, high closure rate,
high angle off

Air-to-air, high closure rate,
low angle off

Air-to-air, head-on pass

Working Scene Length Fig.
Notation Number of Run No.
HQDPT1 1 10 sec 1
HQDT2 2 16 sec 2
HQDT4 3 20 sec 3
AlG 4 120 sec b
AA1 5 64 sec 5
AA2 6 17 sec 6
AA3 1/ 10 sec ¥ §
AAM 8 15 sec 8

The required results are the quantities which serve as typical inputs to

the drive logic:

Py — in-flight roll rate (rad/sec)

qy — in-flight pitch rate (rad/sec)

ry — in-flight yaw rate (rad/sec)

\‘zpo — longitudinal specific force (g)

Vpo — lateral gpecific force (g)

W¥po — normal specific force (g)

At pilot's
location in
the alrcraft ;
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The P, 4 and 'V'T input quantities are used to drive a computer program which
uses kinematic equations of motion to produce the p,, g5, Ty, Upo, Vpo and
Vipo inputs to the drive logic. The kinematic equations are presented in
Appendix A, and a complete description of the computer program which imple-
ments the scenario generation process can be found in the User's Guide
(Ref. 2).

The input for the scenario generation consists of an array of discrete
P, 4 and Vip values which specify discrete time intervals and constant values
for these variables during the scenario., While it might seem odd to have
chosen P, 4§ and Vp as inputs, these variables have been selected because
they are relatively easy to specify for most flying tasks of interest, and
their integrals are smooth curves. Since the integrals of the inputs (e.g.,
pp and qu) are used as inputs to the drive logic, it is assured that the
drive logic inputs are smooth and continuous functions.

Two methods for abstracting the p, § and Vp inputs were used. The
first method, employed for the air-to-ground and air-to-air scenarios,
consists of developing piecewise constant time histories for P, q and
VT such that the resulting airplane variables produced by the kinematic
equations mimic a strip chart recording of those same variables. The
strip.charts were produced by the Air Force by flying each scenario of
interest in a simulator. Table 2 presents a list of the variables
recorded on the strip chart for each scenario and an indication of which
of those variables were reproduced using the kinematic equations.

The second method, used for generating the HQDT scenarios, employed
a strategy similar to the one described above. Since strip chart record-
ings were not available for the HQDT scenarios, however, it was necessary
to construct the inputs to the kinematic equations solely on the basis of
verbal descriptions of the scenarios. For these cases, only p and VT were
extracted, while § was computed to assure that the airplane was maintained
in constant altitude flight (see Appendix A). The variables reproduced
for the HQDT scenarios are also shown in Table 2,

The following figures provide plots of the resulting airplane varia-
bles. Table 3 lists the variables which are plotted, a description of
those variables, and the corresponding label used on the plots.
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, TABLIE 3. PLOTTED SCENARIO GENERATION VARIABLES
PLOT ;
VARIABLE DESCRIPTION LABEL 1
‘} ' §* Body axis pitch acceleration (deg/sec?) QD j
é: | gg ¥ Body axis pitch rate (deg/sec) QA
8 Pitch attitude rate (deg/sec) THD
| 6 Pitch attitude (deg) TH
1 | ﬁpo*** Longitudinal specific force (g) UPOD
" pr* Body axis roll acceleration (deg/sec?) FD ’
Pa** Body axis roll rate (deg/sec) PA
(o) Bank angle rate (deg/sec) PHID
) Bank angle (deg) PHI
\'rpo-l** Lateral specific force (g) VPOD
Vip Inertial speed (ft/sec) VT
P Body axis yaw rate (deg/sec) RA
v Heading rate (deg/sec) PSID
] Heading (deg) PSI
WpotE* Normal specific force (g) WPOD
Vo Inertial speed rate of change'{ft/sec?) VTD
Viprs Derivative of inertial speed rate of VTDD
change (ft/secd)
Aa Angle of attack (deg) ALFA
A& Angle of attack rate (deg/sec) ALFAD

i s Seaer M

* input for scenario generation (except for HQDT scenarios)
#* input for scenario generation
###% input for drive logic simulation
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SECTION III
MOTION BASE AND PERCEPTION MODELS

A. INTRODUCTION

The generation of scenario data consisting of three angular velocity
inputs (pg, g, rp) and three specific force inputs (fGpo, Vpo, ipo) is
necessary in order to provide inputs for the drive logic simlation. This
section describes the model used in that simmlation.

This model consists of three parts: the drive logic itself, a model
of the human vestibular system (assumed here to be the primary motion sens-
ing apparatus), and the various sensory thresholds which are presumed to
be operative. In addition, a secondary motion cueing device, the g-suit,
is modeled in connection with normal specific force perception. Although
the motion base model simulates the IAMARS drive logic, the technique
employed is generally applicable. In order to apply this research to a
different motion base, it would only be necessary to change the drive logic
model. Since the approach to the overall model is a modular one, similar
changes could be made to incorporate other sensory models as well.

The following sections discuss the drive logic model, the perceptual
model (including vestibular sensors and threshold effects) and the g-suit
model. The final section presents the overall block diagrams for the models,
for each of the six axes. This section also includes an explanation of the
symbols used in the remainder of this report.

B. DRIVE LOGIC MODEL

This subsection provides a detailed description of the present LAMARS
drive logic, as well as of the two nonlinear washout features which were
incorporated for investigation.

The function of the drive logic is to compute the actuator commands
for each axis of the motion base from the angular velocity and specific
force commands produced by the aircraft equations of motion. Additionally,
the drive logic must provide limiting to prevent the motion base from hitting
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the hard stops imposed by the physical travel limits of the simmlator. -
The latter is accomplished by the combination of washout filters and limit-

ing computations. Limiting computations are not considered in this research
program,

There are two distinct methods for computing the drive commands for each
axis: the crossfeed scheme (Ref. 3) and the crossproduct scheme (Ref. 4).
These are illustrated in Fig. 9, which presents simplified linearized block
diagrams for roll-sway axis implementation for each scheme. The crossfeed
scheme was designed by Bray for implementation on the Flight Simmlator for
Advanced Aircraft (FSAA) motion base. The crossproduct scheme was designed
by Schmidt and Conrad; it forms the basis for the LAMARS drive logic.

The purpose of these two different washout implementations is the same,
In order to provide an accurate set of motion cues to the simmlator pilot,
it is necessary to coordinate roll and sway axis motions and pitch and
surge axis motions. The coordination causes an angular command in roll or
pitch to also induce a sway or surge acceleration of the motion base as well.
This assures that no spurious lateral or longitudinal specific force cues
result from the gravitation vector when the simulator cab is tilted from
vertical. To accomplish this coordination, the cab angular displacement,
Pps for example, must be crosscoupled into the lateral specific force path.
In order to simulate low frequency components of lateral or longitudinal
specific force, components of gravitational force must be used. These
components are obtained by tilting the simulator cab. The low frequency
components of lateral specific force, for example, must be crosscoupled
into the cab tilt (pp) path to accomplish this. These are the purposes of
the two paths labeled "residual tilt path" and “coordinating path" in the
block diagrams of Fig. 9.

Note, however, that the implementation of these coordinating paths is
different for the two schemes. In the crossproduct scheme the residual
tilt and coordinating paths form a closed loop. There are no closed loops
in the crossfeed scheme, which provides the necessary coordination via
open-loop crossfeeds. The following observations can thus be made:

® The closed-loop coordination of the crossproduct scheme

provides an effective second-order washout filter in
the angular velocity axis.
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® The crossproduct scheme is designed to produce per-
fect recovery of specific force: the transfer function
between Vpo and Vpop is always 1.

® The crossfeed scheme provides a means for introducing
deliberate miscoordination. This is accomplished by

varying the coordinating path gain, K¢y.

The crossproduct scheme is the basis for the LAMARS drive logic. The
washout filter parameters allow the simulator to be "tuned" to provide the
most realistic motion cues available within the displacement, velocity and
acceleration constraints of the motion base. The key parameters of the
linear, second-order washouts used in the LAMARS scheme are the gain Ky
and break frequency wp. Variation of the gain of the washout filter pro-
vides a method for attenuating the input signal, while variation of the

break frequency determines the motion washout rate (Ref. 5).

In the course of this research, two additional nonlinear washout filters
were investigated. Each of these adds a nonlinear computation tc the under-
lying linear LAMARS drive logic. The first, the "Parrish" washout filter
(Refs. 6, T), was developed to eliminate the so-called false cue encountered
in simulating pulse-type angular motions. This technique uses a cost func-
tion to vary the gain of the washout filter automatically. It provides an
"optimum" gain for the filter at each point in time, based on a number of
time-varying parameters (such as angular velocity and angular displacement).
Figure 10a presents a block diagram of the Parrish filter as implemented for
an angular velocity axis. The investigation of this technique examined its
use in the roll axis only, since results from Parrish's manned simulation
(Ref. 8) indicate that it is most effective in that axis. Detailed infor-
mation on the Parrish washout filter is in Refs. 6-9.

The second scheme, the '"subliminal" washout, was developed in this
research program (Refs. 10 and 11). It, too, builds on the underlying
linear LAMARS drive logic. This scheme employs two nonlinear functions
which increase the effective washout rate of the drive logic whenever the
input is below a specified "indifference threshold" level. It has been
observed by several researchers that a level of angular velocity or specific
force cues exist, such that cues which fall below this level are not sensed
by a pilot under normal workload conditions. This "indifference" threshold
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is exploited in the subliminal scheme. It provides justification for
deliberately introducing translational miscoordination to reduce the sway
displacement required. Figure 10b presents a block diagram for imple-
mentation of this subliminal scheme for an angular velocity axis. The
subliminal scheme was included in the sway axis only, in this investigation,
although it can be applied for both sway and surge translational axes.
Figure 11 depicts the roll-sway axes for the LAMARS drive logic with both
nonlinear schemes included. Further details of the subliminal washout are
presented in Appendix B.

C. PERCEPTUAL MODEL

One set of outputs from the simulation is the drive logic commands to
the physical motion base actuators. These consist of position commands to
any or all of the simulator's axes. A second set of outputs consists of
the motion cues presumed to be sensed by the pilot. These include angular
velocities and specific forces as appropriate to the six motion axes. In
order to include the pilot in the overall simulation of the LAMARS, it is
necessary to model the sensory apparatus which enables the pilot to perceive
his orientation. This perceptual submodel is the subject of this section.

The vestibular apparatus in the inner ear is the primary sensor of
angular velocities and specific forces to be modeled here (Refs. 12-17).
The vestibular system is comprised of the semi-circular canals and the oto-
liths. Each inner ear contains three canals, oriented in an approximately
orthogonal axis system. These organs are the angular velocity sensors and
are modeled, according to their physical properties, as heavily damped
angular accelerometers. A schematic drawing of a set of canals and the
accompanying mathematical model relating sensed angular velocity to input
angular velocity is given in Fig. 12.

The otoliths are the other sensory organs in the vestibular system
(Ref. 18). Each inner ear contains two otolith organs: the saccule is
located in an approximately vertical plane, while the utricle is located
in a plane inclined approximately 25 deg from the head upright horizontal
plane. The otoliths are the principle specific force sensors in the vestibu-
lar system. The physical properties of the otoliths are less well defined
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perceived angular velocity 10s _ for each axis
Input angular velocity (s +.2)(s+10) ' of sensitivity

Figure 12. Semi-Circular Canal Model
(After Ormsby, Ref. 1k4)

than the properties of the semi-circular canals. The mathematical model
used here, however, actounts for a major portion of the experimentally
j validated observations of otolithic function. A schematic drawing of
the otoliths is shown in Fig. 13, The mathematical model used to compute

sensed specific force from input specific force is also included in Fig. 13.

Threshold effects are important in modeling sensory processes. Given
a threshold effect, it is assumed that motions whose magnitudes fall below
the threshold level will not be perceived by the pilot. There are two
types of thresholds modeled here. The first is a sensory threshold; it
arises from physical limitations of the organ itself. This threshold type
is evident for the semi-circular canals — they are unable to sense angular
velocities of magnitude less than .035 rad/sec (Ref. 15).

The second type of threshold is the "indifference" threshold, mentioned
previously in connection with the subliminal washout scheme., This threshold
type is evident for specific force sensing. Under normal workload, pilots
are unable to detect specific forces of magnitude less than approximately
0.1 g (Ref. 20)., It is important to note the phrase "under normal workload"

; in discussions of indifference thresholds. If a subject is asked to con-
f centrate on determining when the sensation of specific force begins, the

i L2 dsake R




perceived specific force  10(s+.08)
input specific force " (s +.2)(s+10)

Figure 13. Otolith Model
(After Ormsby, Ref. 1L)

sensory threshold is found to be approximately 0.005 g (e.g., Ref. 15) —
the otoliths are very sensitive to stimulation. If the subject is given

a task to perform in addition to indicating the onset of a specific force,
this "indifference" threshold is found to be much higher than the sensory
threshold — approximately 0.1 g, as stated above. In the simulation of
actual flight scenarios, it is assumed that the indifference threshold
will be operative, since the pilot's primary task will not be mere detec-
tion of the motion cues, but rather an actual flying task. The indiffer-
ence threshold may be visualized not as a sensory limitation but as the
result of an information processing allocation decision made in the central
nervous system to weight the primary tasks associated with flying the air-
craft more heavily than the task associated with specific force sensing.
Although this allocation process is not at all well understood, the result-
ing threshold effect is easily modeled.
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The perceptual model includes the sensory threshold for angular velo-
city and the indifference threshold for specific force in the appropriate
paths, Figure 14 depicts the model used to implement these thresholds as
a mathematical function. Also, the threshold level for each axle is
indicated.

D. G-SUIT MODEL

A second sensory modality is included in the simulation of normal
specific force perception. This is necessary because motion simulator
travel limits severely constrain reproduction of normal specific force
cu2s, Although visual scenes are often very compelling in terms of simu-
lating angular and translational velocities, it is not possible to induce
a sensation of 8's visually. This is because the primary g-force sensory

T‘Ps) :
25 :
z o :
Pr "Pr :
2
P T(pg) = pg- Py sin ( Ps/Pr)

a) Presumed Form of Indifference Threshold

AXIS THRESHOLD VALUE
Pitch 2 deg/sec
Surge 0.1 g

Roll 2 deg/sec

Sway 0.1 8

Yaw 2 deg/sec
Heave 0.0 g

Figure 14, Threshold Model and Threshold
Values for Each Axis
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modalities are vestibular, tactile and proprioceptive, One approach to
this problem of simulating g-force sensations in an essentially static
environment is by means of tactile stimulation using a g-suit (Ref. 19).
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The g-suit (or pressure suit) was designed originally for use in high-g '
| environments, in order to reduce the often debilitating head-to-toe hydro- } 4
| static blood pressure gradients encountered in high-g aircraft maneuvers. \ 3
§ Different use is made of the g-suit in the simulator context, Here, pres-

: sure is applied to the pilot via the suit in order to provide tactile H
stimulation similar to that encountered in flying as normal specific force ?
(g's) vary. The g-suit is driven in accordance with the in-flight normal %
specific force generated by the aircraft. The objective of g-suit use is ;
to induce a more realistic perception of the normal specific force envi- i
ronment. A

The model used for the g-suit pressure response is a lag with break
frequency at 1.0 rad/sec. This model is driven by the actual (in-flight) ;
normal specific force, and produces an additional sensed quantity which is
integrated with the output from the vestibular perceptual portion of the
model. In this way, it is possible to examine the effect of the g-suit on

B s i A

the total perception of normal specific force. The model for the g-suit
is such that the combined output from the suit and the vestibular sensors
yields full recovery of the normal specific force cue for the in-flight
situation., The manner of integrating vestibular and g-suit induced per-
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ception of normal specific force is shown in block diagram form in the

next subsection.

E. THE TOTAL MODEL 4

The overall model used in this research in order to evaluate the LAMARS

drive logic consists of a simulation of the drive logic itself, and a
simulation of the major sensory channels known to be active in the simu-
lator pilot. For each axis, the model combines the drive logic equations

:
i
]
3

for that axis, the appropriate vestibular sensor for that axis (semi-
circular canal model for angular velocity axes, otolith model for specific
force axes) and the particular threshold in effect for that axis (sensory
threshold for angular velocity axes, indifference threshold for specific

e e e g s ol el




force axes). In addition, a model for perception of normmal specific force
via tactile stimulation provided by a g-suit is included in the heave axis.
It is presumed that the g-suit provides a more compelling normal specific
force simulation than do the visual and motion cues alone, Integration

of the g-suit-induced cue is based on this presumption.

The figures which follow illustrate, in block diagram form, the total
linear model for each pair of axes. Table 4 presents a list of the major
variables for each axis, and Table 5 provides a list of the parameters to
be set and their nominal (F-17 configuration from Ref. 1) values. There
are several notes which accompany Figs. 15-1T:

1) LAMARS has no longitudinal travel capability; there-

fore, no coefficient values relating to X, X or x are
shown.

2) Roll-sway axes show the linear washout case only; the
nonlinear cases are shown in Fig. 11.

3) Yaw and heave axes are uncoupled.

4) No perceptual or indifference thresholds are thought
to be applicable in the heave axis, so none are included.

5) An equalization is postulated in the heave axis so that
the total in-flight perception computed by summing the
g-suit tactile sensation and the vestibular sensation
is equal to the in-flight normal specific force.

Further details on the actual software implementation of the model is given
in the Software User's Guide.
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TABLE 4.

LIST OF VARIABLES FOR MODEL BLOCK DIAGRAMS

DESCRIPTION

Input pitch velocity (actual) j
Recovered pitch velocity (simulated) ﬂ
Commanded pitch angle 1
Scaled error between g and gaf

Actueal pitch velocity after perceptual processing

Simulated pitch velocity after perceptual processing
Scaled error between qap and QaFp

Actual pitch velocity with threshold imposed after
perceptual processing

Simlated pitch velocity with threshold imposed after
perceptual processing

Scaled error between g7 and qapy

Input longitudinal specific force (actual)
Recovered longitudinal specific force (simmlated)
Scaled error between Uy, and Uyop

Actual longitudinal specific force after perceptual
processing

Simulated longitudinal specific force after perceptual
processing

Scaled error between Upop and Upopp

Actual longitudinal specific force with threshold imposed
after perceptual processing

Simulated longitudinal specific force with threshold
imposed after perceptual processing

Scaled error between ‘"poI and ‘.'poFI

Input roll velocity (actual)

Recovered roll velocity (simlated)

Commanded roll angle

Scaled error between py and pap

Actual roll velocity after perceptual processing
Simulated roll velocity after perceptual processing
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TABLE 4, (CONTINUED)

Scaled error between pap and papp

Actual roll velocity with threshold imposed after
perceptual processing

Simulated roll velocity with threshold imposed after
perceptual processing

Scaled error between p,; and Papr

Input lateral specific force (actual)
Recovered lateral specific force (simulated)
Commanded lateral position

Scaled error between frpo and VpoF

Actual lateral specific force after perceptual pro-
cessing

Similated lateral specific force after perceptual
processing

Scaled error between ipoP and ‘?poFP

Actual lateral specific force with thresholds imposed
after perceptual processing

Similated lateral specific force with thresholds imposed
after perceptual processing

Scaled error between Vpo1 and Vpopr

Input yaw velocity (actual)

Recovered yaw velocity (simulated)

Commanded yaw angle

Scaled error between rp and rap

Actual yaw velocity after perceptual processing
Simulated yaw velocity after perceptual processing
Scaled error between rpp and rppp

Actual yaw velocity with thresholds imposed after per-
ceptual processing

Similated yaw velocity with thresholds imposed after
perceptual processing

Scaled error between rpy and rapr
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TABLE 4, (CONCLUDED)

Input normal specific force (actual)
Recovered normal specific force (simalated)
Commanded vertical position

Scaled error between Wp, and Wy

Actual normal specific force after perceptual processing

Simulated normal specific force after perceptual pro-
cessing

Scaled error between Wpop and VWpopp

Actual normal specific force after equalization
Actual normal specific force after g-suit processing
Actual total perception of normal specific force
Similated normal specific force after equalization

Scaled error in total perception of normal specific
force without g-suit

Scaled error in total perception of normal specific
force with g-suit

Simlated total perception of normal specific force
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TABLE 5. LIST OF MODEL PARAMETERS AND
; THEIR NOMINAL VALUES

Parameter Value Units
12 Kq 0.5
| Kop - 1.0
| oy 0.5 rad/sec
| azp 0.2 rad/sec
wy,p 0.2 - red/sec
tap 0.7
Kp 0.05
0.2
Ky 1.0
@y 1.57 rad/sec
R 0.266 rad/sec
wog 0.65 rad/sec
amp 0.65 rad/sec
R 1.0 rad/sec
Ciy/(2,/C2y ) 0.7
Ca, 0.0025
€3R 0.7 ;
Ky 0.5 }
Rz * Koz 0.15 ,‘
oy 1.0 rad/sec f
Ciz 0.05 rad/sec ]
C2z 0.0 (rad/sec)? ]
C3z 1.4 rad/sec 1
Cygz 1.0 (:rad/sec)2
| | Csgz 0.3 rad/sec
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SECTION IV
MEASURES, CRITERIA AND PARAMETRIC STUDY

A. INTRODUCTION

Once scenario data for typical flying tasks aﬂ? drive logic and perceptual
models are in hand, it is possible to compute time' histories for all in-flight
and simulation variables of interest. In order to interpret this data it is
necessary to design a method by which the resulting time histories of the
various variables (listed in Table L4) can be evaluated. Evaluation is with
respect to effect upon simulator motion fidelity and required acceleration,
velocity and displacement as drive logic parameters are varied. The method
used in this research employs a set of "measures" computed from the drive
logic simulation variables. These measures are of two types. Those of the
first type are constituents of a motion fidelity criterion. The constituents
are a dissection of a normalized mean square erroi according to contributory
sources believed to be significant. These measures then re-combine to
form a criterion for assigning a meaningful "value" to a particular sim-
lator configuration (i.e., given set of drive logic parameters). This value
is an index of fidelity for simulator motion reproduction. By using this

criterion, it is possible to compare drive logic configurations and thereby
choose an "optimum" configuration. :

The second type of measure represents peak normalized acceleration,
velocity and displacement required of the simulator hardware as a function
of key drive logic parameters for a given scenario. These measures are
then used to determine those combinations of drive logic parameter values
which will not result in exceedence of the physical motion capability of a
given simulator (e.g., LAMARS).

The next sub-section begins by motivating the choice of measures and the
criterion. A list of the computed measures for each axis is presented.
Then, the computed peak measures for the eight scenario inputs to the nomi-
nal LAMARS drive logic are compared. This results in the choice of a "repre-
sentative" scenario for use in the remainder of the study. Using the
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representative scenario, a parametric study with respect to the key drive
logic parameters is undertaken (see Table 5). Measures for sets of syste-
matic parameter variations are computed. Comparison of the measures exposes
the important sensitivities of the motion fidelity criteria to the drive
logic parameters, and provides direction for a simulator experiment to deter-
mine one remaining key parameter. This key parameter is the marginal utility
of dynamic motion reproduction errors with respect to motion scaling errors
as implied by pilot subjective choice of optimum motion reproduction. A
value for this parameter completes the motion fidelity criterion develop-
ment. The criterion is thus ready for application as the basis for drive
logic optimization. ;

B. GENERAL EXPLANATION OF MEASURES AND CRITERIA

Suppose a typical motion variable upon which a measure is to be based
is x. The actual, in-flight motion variable is xg, while the simulated
motion variable is xg. Let the scale factor applied to the x, variable
to reduce the level of simulated motion be K, while the scale factor for
other motion variables which couple with the xg response is K. The purpose
of the proposed measure is to provide a meaningful basis for comparing the
Xg and xg variables produced by different drive logic configurations.

Consider one method of comparing the simulated motion with the actual
motion: the error variable composed of the difference between actual and
simulated motion.

€ = x5 —=%xg=(1=K)xg + (Kxg — x5)

The algebraic expression on the far right side of the equation separates
this error into two distinct parts: the first term (1 — K)xg is the component
of the error arising from scaling, while the second term (Kxq — Xg) is the
component of the error arising from the washout dynamics.

The process of separating the various components of the error can be
taken one step further. Consider the mean of the error squared, ?, normal-
ized by the mean of the actual motion variable squared, x%. The normalization
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assures that this measure will be fairly independent of the particular maneu-
ver. This is a desirable feature which was identified earlier in Section II.A.
The resulting calculation illustrates this approach to criterion development:

1
2 Kxg — K - XgX
JO = —;— = (1 — K) u- & Xg + 2(1 -K) Xa XgXg
a a a

The three terms on the far right of this equation are the constituent measures,
The first measure, (1 - K)2, represents the effect of motion scaling error.
The second measure represents the effect of dynamic error in reproducing the
scaled motion, The third measure corrects for the combined effects of scaling
and dynamic error.

This J, criterion and its component measures constitute a plausible method
for application to uncoupled axes such as heave or yaw, In fact, it will be
seen that this very criterion is used for those axes, with one important change
discussed shortly. A problem exists, however, when attempting to apply this
Jo criterion to the coupled roll-sway or pitch-surge axis sets, since it is
not possible to distinguish between sources of infidelity arising from dynamics
and those arising from coupling between pairs of axes. In order to distinguish
between these separate sources, the J, equation is reformulated in an equiva-
lent, but more elaborated form, as follows:

g Kx2
Kxg — Xg)= < fxoeeYe
J = (1-K)2+( '_J"K'°+2(1—K)[ . _a'sl(=0]
x3 x5

[Zn. — xg) - (Kxq - 31)1-5-01‘ B (xaxg)z_o = (XaXs)
+ — -

2 2

This Jy criterion now includes measures which isolate the coupling
effects arising from the two inputs. This is accomplished by evaluating
the measures with one input "shut off” (when K = 0), and then evaluating
the incremental effect on the measure with that same input "turned on."
Again, the first measure accounts for the effect of motion-scaling error.
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The second measure represents the effect of dynamic error in reproducing
scaled motion, in the absence of coupling between simulator axes. The third
measure corrects for the combined effects of scaling and washout dynamic
error in the absence of coupling between the simulator axes. The fourth
measure represents the incremental effect of coupling between the simulator
axes on the dynamic error in reproducing scaled motion. The fifth measure
represents the incremental effect of coupling between simulator axes on the 4
combined effects of scaling and washout dynamic error. | §

Two criteria forms have been developed for the purpose of comparing
ff various drive logic schemes, The J, criterion is useful for uncoupled £
: axes, while the Jq criterion permits the inter-axis coupling effects to e
be taken into account. One further refinement requires the measures to

be normalized by K or K° while at the same time allowing for a weighting i
factor k where k £ oK. The following criteria are those used for the % L
remainder of this study:

‘ (g — %0)° B :
3 Jo = (1-K)2+k2 im—“—xi+2k(1—x) Kxa — (xaxs) g

A L o 1
5 i i (kx, — xg) 21-_0 K—xg— (xaXg)g-0 k
3 o= (1=-%)PF+k —— | + 2k (1 = K) o §
| K22 Kx2 4

o (Kxg — X5)2 — (Kxq — X} ]+2k(1—x)[(m).= -(f..?.)]

K2 x2

Notice now that a can be treated as a marginal utility parameter which
reflects the pilot's subjective perception of the importance of dynamic washout-

| induced error relative to scaling-induced error. This weighting factor, a,
permits the effects of dynamic washout error to be expressed in units which
are equivalent, in the pilot's subjective judgment, to the motion scaling ¥

% E error. As will be seen in the next section, it is the purpose of the simulator
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experiment to determine this pilot-preference weighting factor, a, in
the criterion for each axis,

The Jo and J; criteria have been specially constructed to have the
following characteristics:

® J, =0or J; =0 implies ideal motion recovery (i.e.,
in-flight and simulated motions are identical)

® J,210r Jy 21 implies that the simulated motion has

ceased to make a positive contribution to the overall

simulation fidelity.
Thus, once o has been selected via the piloted simulation experiments, the
objective of the drive logic optimization is to minimize J, or J; by select-
ing the appropriate scaling gain and washout break rfrequency. The criterion
is applied separately for each axis., Optimization with respect to these
criteria ultimately results in the determination of drive logic gains and
break frequencies for each axis,

C. ALTERNATIVE CRITERIA AND MEASURES

Three alternative criteria for motion fidelity in each axis are con-

sidered. These are based upon the normalized mean of the squared errors
. . AR T T *—.7 .
following drive logic processing (e.g., [pA-pAF]E/ig and [vbo-v oF] /;%o
in Fig. 16); following sensory processing (e.g., [P,p — Pappl® and
% ? AP AFP AP

[¥poP = VporP] /5§°P in Fig. 16); and following threshold processing (e.g.,
[Pa1 - PAFI]Q/SEE and [Vpoy — onFIjE/‘poI in Fig. 16). Constituent measures

must be computed for each of the three alternate criteria for each axis.

Table 6 presents a list of the measures which are computed for each axis
and their appropriate units. Basically, there are three sets of measures
based on mean square errors for each axis: those computed after the drive
logic processing, those computed after sensory processing, and those computed
after threshold processing., For the coupled axes (pitch-surge and roll-sway),
there are six measures in each set: the mean of the squared actual motion,
the four bracketed measures which comprise J;, and the mean of the squared
simulated motion. For the uncoupled (yaw and heave) axes, there are only
two bracketed measures which comprise the J, criterion, so the total number
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of measures per set is four. For the heave axis, there are additional
measures (GS1, GS2, GS5) which are similar to the PNL1, PNL3, and PNL5
computations, but do not include the effect of the g-suit.

D, CHOOSING A REPRESENTATIVE SCENARIO

Besides the measures which comprise the J, and J; criteria, peak value
measures are also computed. These measures are the normalized peak values
of commanded acceleration, velocity and displacement (refer to Table 6)
which are the drive logic outputs. These measures, when compared to the
appropriate hardware limits of the particular motion base, provide a basis
for choosing the scaling gain and washout break frequency combinations
required in order to fit the reproduced motions to the capabilities of a
given simulator. These peak value measures are also used to select a repre-
sentative scenario.

It was stated in the scenario generation discussion that the purpose of
generating eight scenarios was to provide a data base from which to choose
the scenario which best enveloped the remaining scenarios. This "representa-
tive" scenario would then be employed throughout the parametric study/drive
logic optimization phases. This is a valid approach, since the criteria
and their constituent measures were deliberately developed to be fairly
independent of the input. Thus, optimization based on the inputs from a
"representative” scenario can be said to be typical for all inputs which
fall within those "representative" limits.

In order to choose a representative scenario, each of the eight scenarios
was used as the input to the drive logic/sensor simulation. The resulting
peak measures for each axis are listed as the PACC, PVEL and PDIS entries
in Tables C-1, C-2, and C-3 of Appendix C, Note that the drive logic para-
meters used in each case are those listed as the "nominal" parameters in
Table 5, so the drive logic used to select the representative scenarios is
that currently used for LAMARS,

The measures of interest here are the normalized peak values of velocity
and displacement for the angular axes, and the peak values of acceleration,
velocity and displacement for the translational axes. These peak values
are normalized by the scaling gains having primary influence on that peak.
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Table 7 presents a summary list of the appropriate IAMARS motion base limits
for comparison with the peak values for each scenario. In order to compare

i B CE I Ty

the scenarios, some of the peak values are plotted versus scenario. These
plots are found in Fig. 18 (refer to Table 1 for interpretation of the
scenario numbers). The equation used to compute the normalized IAMARS hard- |
ware limit is included on each plot. 3

As can be seen from Table 7 or the plots, especially the heave and pitch
axis plots, Scenarios 6 and 8 clearly do not "fit" on the simulator when the
nominal drive logic gains are used. Also, it is evident that, for the most
part, Scenario 4 (the air-to-ground weapon delivery task) envelopes the
requirements for Scenarios 1 through 5 and 7. On the basis of this obser- '
vation, Scenario 4 is designated the "representative" scenario (Scenarios 6 o
and 8 are presumed to be inappropriate for simulation for convenience in pre-
senting subsequent methods and results)., It will be used as the drive logic
input for the remainder of this research. Once the drive logic is optimized
for Scenario 4, it is assumed that the same optimization applies for Scenarios
1 through 5 and T as well,

Having chosen the representative scenario, it is now possible to identify

: the upper bounds on the scaling gain for each axis. This is accomplished by
determining that scaling gain value which when multiplied by the normalized
; J peak value for Scenario 4 results in a product which is equal to the IAMARS

: hardware limit. This determination of the maximum scaling gain assumes
the other drive logic parameters are constant. Table 8 presents the results
of these computations. These results may be regarded as a first tentative
step toward optimizing the drive logic. However, it is usually desirable
to optimize with respect to the washout break frequencies as well as the
scaling gains. A method for determining those combinations of scaling gain | ‘:
and washout break frequency which satisfy the simulator hardware limits is f :
4 discussed in the next subsection. ;

B\ 5 i N
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E. PARAMETRIC STUDY

Three goals must be achieved in this drive logic parametric study. First,
a range of drive logic parameters must be established for the IAMBS simulator
experiments at Vought. In particular, the range of drive logic parameters
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TABLE 8. COMPUTED UPPER BOUNDS ON SCALING GAINS (FOR NOMINAL :
WASHOUT BREAK FREQUENCIES OF TABLE 5 AND SCENARIO 4)

; | Pitch* Kq < 0.14 ]
Roll Kp < 0.81
Sway Kp Ky < 0.1k é
Yawt Kr £ 1.0
Heave Kz Koy < 0.16

* LAMARS pitch limits have been reduced to account for"
the derotation required in connection with heave
motion.

t The upper bound of unity on the scaling gains is
operative here.

which can be investigated (i.e., which will fit) on that simulator must be
defined. ("Fitting" the simulator refers to commanding motions which do

not exceed the displacement, velocity and acceleration limits of the motion
base). The second goal is to identify the key simulator axes for experi-
mental investigation. The third goal is to obtain the drive logic parametric
effects on the measures. This will provide the data base required in the
next section for refining the fidelity criteria and for optimizing the LAMARS
drive logic. The latter data is also used to define the range of drive logic
parameters which result in commanded motions which will fit within the IAMARS
limits.

This parametric study is not intended to be exhaustive. Rather it is
structured to highlight the most significant effects of the drive logic
parameters on the measures and criteria. To this end, certain break fre-
quencies of the LAMARS drive logic are chosen to covary. For example, in

the pitch-surge axes the following relationship is used to relate Ugs Lsp
and ®)p:

uy Tlhasp = 1.4 ayp

S e kiR Lk ik R R, S

76
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q Similar relationships are used for the other axes (refer to Table 9). These
relationships limit the number of parameters varied to the essential minimum
number. Obviously, such relationships are somewhat arbitrary and it is

RS W &

certainly possible to vary each parameter separately. Such a study is out- 14
side the bounds of this investigation, however. Furthermore, it is possible :
to approximate the effects of changes in these secondary parameters from
values specified in the given relationships by defining "effective values”
of the essential parameters. One procedure for defining values for the
effective lead frequency and effective delay parameters is described in
Appendix D.

Table 5 lists the parameters available for variation in the existing
drive logic. The parametric study uses a linear model of the ILAMARS drive
logic configuration. Table 9 describes the parameter variation matrix.
Comparing the two tables provides a means for understanding which parameters ‘
other than scaling gains are thought to be critical for each axis. Scaling $
gain effects are treated via normalization with respect to the scaling gains
since the drive logic model is linear.

& : The parameter variations result in tables of measures, Tables C-4 through

C~14 in Appendix C. Again, it is useful to compare the peak values of accelera-
tion, velocity and displacement for each axis with the hardware constraints
5% 7 of the LAMARS motion base for that same axis. Table 10 makes this comparison.

i ! These data are used to identify drive logic parameter combinations

" which result in simulated motions which will "fit" on the motion base. As in
the previous section, the concept of "fitting" on the simulator is based on
the normalized IAMARS limits. And again, the upper bound on the gain necessary
to make the motion fit on the motion base can be computed for each value of
break frequency, B(). If we assume that the optimum occurs for the scaling
gain at its upper bound a unique relationship between scaling gain and break
frequency for motion is defined. Existence of such a relationship greatly
simplifies the optimization task. It is then sufficient to optimize with
respect to either break frequency or gain, rather than with respect to both.

Scaling gain versus break frequency plots for heave, roll and sway of
IAMARS are shown in Figs. 19, 20 and 21, respectively. These plots are

7 !
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TABLE 9. VALUES USED FOR PARAMETRIC STUDY
: PARAMETER VALUES
i Pitch-Surge
.
! Kq 0.5
i I(QP 0.0, 005, 1.0
3 wg (1.4 By) <0945, 175, .35, T, 1.4, 2.8 18 cases
wsp (Bq) L0675, .125, .25, .5, 1.0, 2.0
: wyp (Bq) 00675, 0125, .25’ 05, 100, 2.0
" Roll-Sway
E Ky 0.5

KR 0.0, 0.5%, 1.0

Ky 1.0 v L2 cases

U.)p (1.'4 Bp) 009h5, 0175, 035, 07, 10“, 208 #* This value

R Q.0 of K2R is used

only with Coy =

u?R 0.0 ; .0225.

wzg(Bp) O6TH, <185, 85, 5, 1.0, 2,0

(DhR(Bp) 00675, -125, 025, 05, 1.0, 2.0

Czy .0025, 00225’ 025
¥ ‘ Yaw and Heave
% Kr 0'5 E
Q Kz * Kog 0.15 :
é Wr (Br) -0675, -125, 025, 05, “00, 2.0
1 Ciz .05 |
i Cog 0.0 6 cases
: c3z (Bz) <0675, +125, +25, «5, 1.0, 2.0 1
| Chz (B%) .001&6, 00156, 09625, .25, 100, h.O !
| | Csz (Bg) <0675, +125, «25, «5, 1.0, 2.0
, "
: é
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TABLE 10

PEAK VALUES FOR PARAMETER VARIATION

3 VS. BREAK FREQUENCY
5
3 LAMARS |BF=0.0675 | 0.125 0.25 0.5 1.0 2.0
E LIMITS | rad/sec rad/sec rad/sec |rad/sec |rad/sec |rad/sec
F Pitch
Derotated Displ. (deg) + 4,76
Velocity (deg/sec) 60.0
Acceleration (deg/sec?) |1400.0
Kop = 0.0
Derotated Displ. (deg) 20.36 19.4 1.7 5.51 2.12 0.97
Velocity (deg/sec) 5.58 5.43 5.0 3.30 2.16 1.09
Kop = 0.5
Derotated Displ. (deg) 21.06 22,01 16.0 12,58 10.5 10,42
Velocity (deg/sec) 5.67 5.65 5.73 4.89 3.96 4. 51
’ K2p = 1.0
3 Derotated Displ. (deg) 22.79 24,61 20.34 18.26 19.51 20.40
3 Velocity (deg/sec) 5.T5 5.87 6.47 7.07 (GL 8.9
3 Yaw
§ Derotated Displ. (deg) + 4,76 13.5 7.8 3.97 1.96 0.93 0.35
Velocity (deg/sec) 50.0 1.94% 2.18 1.8 1.16 0.72 0.37
Acceleration (deg/sec2) |[+200.0
! Displacement (ft) % 10.0 300.0 210.0 91.5 24,0 6.0 1.0
: Velocity (ft/sec) 13.0 k2,0 34.5 28.5 8.7 L5 1.5
, Acceleration (ft/sec?) + 96.6 14,4 15.0 13.05 8.l 4.8 3.9
q Roll (Kp = 0.5)
3 Displacement (deg) + 5.0
E Velocity (deg/sec) 60.0
; Acceleration (deg/sec)2 |t 46O
‘ Kx = 0.0
Displacement (deg) 42,88 L3.6 41,63 26.05 11.05 5.33
Velocity (deg/sec) 27.9 28.33 24,01 21.03 16.31 7.88
K = 0.5
& Displacement (deg) 42,8 43,8 b1.5 24,9 9.37 4.6
3 Velocity (deg/sec) 27.9 28.3 3.7 2.7 1.7 5.1
;‘3 K=g = 1.0
| Displacement (deg) 42,9 43,7 81,3 24,0 9.0 4.6
% Velocity (deg/sec) 27.9 28.3 2.5 2.5 13.4 4.3
i : ;
| i
F | i

: 79
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| TABLE 10. (CONCLUDED)

I e

LAMARS | BF=0.0675 | 0.1 0.2 0.5 1.0 2,0
LIMITS | rad/sec | rad/sec rad/sec | rad/sec | rad/sec | rad/sec
Svay

Displacement (ft) + 10.0

Velocity (ft/sec) 10.0

Acceleration (ft/sec2) | % 51.52
Kz = 0.0, C2y = 0.0025

Displacement (ft) 900.0 460.0 195.0 75.0 21.5 5.5

Velocity (ft/sec) _ 85.0 90.0 48.5 27.5 11.0 3.6

Acceleration (ft/sec?) 2.9 3.6 24,16 13.7 5.84 3.1k
Kz = 0.0, Cpy = 0.0225 .

Displacement (ft) 365.0 340.0 180.0 65.0 2.0 5.5

Velocity (ft/sec) 8.0 65.0 55.0 30.0 10.5 3.4

Acceleration (ft/sec?) 6.4 28.0 21,7 10.7 6.33 3.4 3
Kz = 0.0, Coy = 0.25

Displacement (ft) 8.0 T0.0 60.0 35.0 12.0 3.45

Velocity (ft/sec) 28,4 30.2 2.8 12,9 6.36 2,33 ‘

Acceleration (ft/sec?) 13.3 1.5 10.8 9.9 6.35 3412
Kzr = 0.5, Coy = 0.0225

Displacement (ft) 365.0 345.0 180.0 65.0 22.0 6.5

Velocity (ft/sec) 80.0 65.0 55.0 30.5 1.5 k.0

Acceleration (ft/sec?) 2.0 26.5 22.0 10.7 6.4 4.0
Kg = 1.0, Cpy = 0.0025

Displacement (ft) 900.0 470.0 200.0 85.0 26.0 8.0

Velocity (ft/sec) 85.0 90.0 50.0 29.0 12.5 5.0

Acceleration (ft/sec2) 5.6 22.6 2,1 14,2 7.4 5.2
Kz = 1.0, Coy = 0.0225

Displacement (ft) 365.0 345.0 185.0 70.0 24,0 8.0

Veloeity (ft/sec) 80.0 65.0 55.0 31.0 12,5 L9

Acceleration (ft/sec?) ol b 26.9 21.8 11.6 Tl 5.2
Kz = 1.0, Coy = 0.25

Displacement (ft) 80.0 70.0 60.0 375 14,0 5.0

Velocity (ft/sec) 27.1 29.0 24,3 13.7 7.2 3.4

Acceleration (ft/sec?) 12,2 10.8 10.7 9.7 7.9 b7
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derived from the PACC, PVEL and PDIS entries in Tables C-9, and Tables 11-1k
and the IAMARS motion limits listed in Table 7. Notice that the sway axis

. is also sensitive to variations in Coy (as expected), so Fig. 21 is actually
g a family of curves, Table 11 provides a set of relationships which define
the scaling gains for each axis. These relationships define the gains for
the subsequent simulator experiment.

There is one important unknown left in the optimization process — the
pilot marginal utility parameter, a. The marginal utility can be determined
by a series of piloted simulation experiments. These are run for each

axis using several combinations of gain and break frequency satisfying the
! relationships given in Table 11. Pilot opinion ratings and commentary can

Al ST 2t 3 mC d da el o lE

be used to establish the best among the several combinations and a relative ;
ranking of the combinations. An estimate of the marginal utility parameter a,
for the critical axis may then be inferred by means of the following process.
The criterion (Jb or J]) is evaluated as a function of a for each gain and :
5; break frequency combination used in the simulation experiment. The value of o ﬂ

which results in the minimum criterion value for the pilot-identified "best"
combination and also results in the correct relative ranking according to
criterion value, is accepted as the "true" marginal utility parameter value.
The results of such an experiment will be presented in the next section.

e omtih it |, ool it el it el

Once the criterion and associated marginal utility parameter value, a,

for each axis are available, this motion fidelity criterion is ready for ;
application. |

The next section presents the simulator experiments and results, which
are used in the manner indicated above to discover appropriate values for

A A M s ke £

the marginal utility parameter, a, for each axis, | 4

1 TABLE 11. RELATIONSHIPS WHICH DEFINE LAMBS EXPERIMENT SCALING
ﬂ GAINS FOR EACH AXIS AS A FUNCTION OF WASHOUT BREAK FREQUENCY

Heave K; = Bz2/h
Sway kK, = 20y
Roll K, = 0.286 Bp
Pitch Kq = 0.286 By

Yaw Kp = 0.286 By
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SECTION V
SIMULATOR EXPERIMENTS

A. INTRODUCTION AND SUMMARY

A piloted simulation experimental series run on the Vought Corporation
LAMBS moving base simulator was necessary to guide development of the drive
logic optimization procedure. This provides:

® A data base including pilot ratings and rankings with
systematic variations in drive logic parameters.

® A basis for selecting key parameters in motion fidelity
criteria.

® A systematic survey of critical issues in moving base
simlation for moderate maneuver amplitude flying tasks,
particularly: g-suit effectiveness and roll sway coordi-
nation.

The first point is particularly important because there is no extant data
base for moderate (or large) maneuver amplitude flying tasks wherein sys-

tematic variations of drive logic parameters have been explored. Such a
data base is required in order to formulate an orderly drive logic optimi-

zation procedure.

Key experimental results obtained for three subject pilots and three

air-to-ground delivery scenarios are:

® G-suit use is essential to perception of load factor
for positive g maneuvering.

® Load factor representation via simulator heave motion
is so distorted by washout effects that maximum sub-
jective fidelity results for zero scaling gain (i.e.,
no motion) for this axis.

® Full simulator sway coordination for cab roll angle
is required at high frequencies.

® Small roll axis scaling gains and associated small
values of roll washout break frequencies result in
maximum subjective fidelity. Furthermore, some small
amount of roll axis motion is required to ameliorate
vertigo when using limited field-of-view visual dis-

plays.
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